Abstract: A microstructure observation using an optical microscope, SEM and EPMA was performed for the irradiated U-10Zr and U-10Zr-5Ce fuel slugs with a T92 cladding specimen after a high-temperature heating test. Also, the measured eutectic penetration rate was compared with the value predicted by the existing eutectic penetration correlation being used for design and modeling purposes. The heating temperature and duration time for the U-10Zr/T92 specimen were 750 • C and 1 h, and those for the U-10Zr-5Ce/T92 specimen were 800 • C and 1 h. In the case of the U-10Zr/T92 specimen, the migration phenomena of U, Zr, Fe, and Cr as well as the Nd lanthanide fission product were observed at the eutectic melting region. The measured penetration rate was similar to the value predicted by the existing eutectic penetration rate correlation. In addition, when comparing with measured eutectic penetration rates for the unirradiated U-10Zr fuel slug with FMS (ferritic martensitic steel, HT9 or Gr.91) cladding specimens which had been reported in the literature, the measured eutectic penetration rate for the irradiated fuel specimen was higher than that for the unirradiated U-10Zr specimen. In the case of the U-10Zr-5Ce/T92 specimen in which there had been a gap between the fuel slug and cladding after the irradiation test, the eutectic melting region was not found because contact between the fuel slug and cladding did not take place during the heating test.
Introduction
The sodium-cooled fast reactor (SFR) has the advantages of enhanced reactor safety, fuel cycle economy, and environmental protection. These advantages are, to a large extent, the direct results of using a metallic fuel (U-Zr or U-Pu-Zr) [1] . The U and Pu constituents in the fuel, however, tend to interact metallurgically with iron-based claddings at elevated temperatures during nominal steady-state operating conditions and off-normal reactor events. In particular, if the temperature is raised above the eutectic temperature of the metallic fuel, e.g., during an off-normal reactor event, the fuel can form a mixture of liquid and solid phases that may promote a further cladding interaction [2, 3] . In addition, lanthanide fission products such as Nd, Ce, La, Pr and Sm migrate into the fuel slug-cladding interface during irradiation and lower the eutectic threshold temperature, so that, eventually, they promote the eutectic reaction between the fuel slug and cladding. Such a fuel-cladding chemical interaction (FCCI), in conjunction with fission gas pressure loading, can potentially shorten fuel pin lifetime and eventually cause a cladding breach.
Materials and Methods
Heating apparatus for the high-temperature heating test consists of heating tube, furnace, chamber and controller. Schematic diagram of heating tube (JOONGANG VACUUM Co., Ltd., Daejeon, Korea) and furnace (JOONGANG VACUUM Co., Ltd., Daejeon, Korea) is shown in Figure 1 . Specifications for the heating apparatus are summarized in Table 1 . As for the furnace, electrical resistance heating type is utilized. Considering cladding maximum temperature range (from 650 to 930 • C) and duration time (from tens of seconds to 1.5 days) under transient state for PGSFR (Prototype Gen-IV Sodium-cooled Fast Reactor) which is currently designed in KAERI [9] , attainable maximum temperature and duration time with furnace system were designed to be up to at 1200 • C and for two days, respectively. Also, attainable maximum heating rate with furnace system was designed to be 1 • C/s. Furnace body is cooled by a recirculating water coolant. Heating tube (OD: 50 mm, length: 900 mm) is made of 310 stainless steel and length of uniform temperature zone located in the center of heating tube is 150 mm. Specimens are heated in this uniform temperature zone at target temperature during heating test. Heating tube is equipped with inlet/outlet inert helium gas flow line, and Zircaloy-4 sheets which act as O 2 getter is inserted in the heating tube. As for the material of chamber, alumina is utilized. A wide variety of in-pile transient tests [4] and out-of-pile heating tests [2, 3, 5, 6] in the IFR (Integral Fast Reactor) program revealed the transient performance of metal fuel. A series of tests, called the M-series, was performed at the Transient Reactor Test Facility (TREAT) in ANL (Argonne National Laboratory)-Idaho (currently INL) to study the cladding failure threshold during transient overpower (TOP) events [4] . Considering the limited resources and time allocated to the in-pile tests, out-of-pile transient tests were conducted in the whole-pin furnace (WPF) system [5, 7, 8] in the Alpha-Gamma Hot Cell Facility (AGHCF) at ANL-Illinois to evaluate fuel behavior in loss-of-flow (LOF) events. In the test, an irradiated fuel pin was put into a 316SS capsule and externally heated in the furnace. Also, in order to examine compatibility between the fuel slug and cladding at elevated temperatures by externally heating irradiated fuel pin segments, out-of-pile tests in the fuel behavior test apparatus (FBTA) [3, 5, 7] in AGHCF were carried out.
Although extensive investigations of transient tests for metallic fuels were carried out as described above, it is necessary to perform a high-temperature heating test under transient conditions for metallic fuels which were manufactured and irradiated in KAERI (Korea Atomic Energy Research Institute) for verification purposes of the FCCI behavior, in particular the eutectic melting phenomenon. As in-pile transient tests require a relatively large amount of time and resources, and out-of-pile transient tests with the WPF system need more sophisticated equipment, out-of-pile heating tests with a rather simple heating apparatus similar to the FBTA are performed in this study. Microstructure observation results through an optical microscope, SEM (scanning electron microscope) and EPMA (electron probe micro analysis) are reported for the irradiated U-10Zr and U10Zr-5Ce fuel slugs with T92 cladding after the high-temperature heating test. Also, the measured eutectic penetration rate is compared with the value predicted by the existing eutectic penetration correlation being used for design and modeling purposes.
Heating apparatus for the high-temperature heating test consists of heating tube, furnace, chamber and controller. Schematic diagram of heating tube (JOONGANG VACUUM Co., Ltd., Daejeon, Korea) and furnace (JOONGANG VACUUM Co., Ltd., Daejeon, Korea) is shown in Figure  1 . Specifications for the heating apparatus are summarized in Table 1 . As for the furnace, electrical resistance heating type is utilized. Considering cladding maximum temperature range (from 650 to 930 °C ) and duration time (from tens of seconds to 1.5 days) under transient state for PGSFR (Prototype Gen-IV Sodium-cooled Fast Reactor) which is currently designed in KAERI [9] , attainable maximum temperature and duration time with furnace system were designed to be up to at 1200 °C and for two days, respectively. Also, attainable maximum heating rate with furnace system was designed to be 1 °C /s. Furnace body is cooled by a recirculating water coolant. Heating tube (OD: 50 mm, length: 900 mm) is made of 310 stainless steel and length of uniform temperature zone located in the center of heating tube is 150 mm. Specimens are heated in this uniform temperature zone at target temperature during heating test. Heating tube is equipped with inlet/outlet inert helium gas flow line, and Zircaloy-4 sheets which act as O2 getter is inserted in the heating tube. As for the material of chamber, alumina is utilized. Short segment (length: 10 mm) cut from irradiated fuel rod (fuel slug length: 50 mm, OD: 5.5 mm) which consists of U-10Zr and U-10Zr-5Ce fuel slugs with T92 cladding (thickness: 0.45 mm) [10] (see Figure 2 ) was heated in the furnace which was located inside of hot cell facility in KAERI. The chemical compositions of as-fabricated U-10Zr and U-10Zr-5Ce fuel slugs, and T92 cladding before irradiation are shown in Tables 2 and 3, respectively. The peak burnup of irradiated fuel rod was 2.44 at. %. The heating temperature and duration time for U-10Zr/T92 specimen were 750 • C and 1 h, and those for U-10Zr-5Ce/T92 specimen were 800 • C and 1 h. The heating rate from room temperature to target heating temperature was 0.2 • C/s. Heating test conditions are summarized in Table 4 . In order to prevent oxidation of test specimens during heating test, inert helium gas was applied to flow through interior of furnace at the flow of 150 mL/min. Also, Zircaloy-4 sheets which act as O 2 getter were inserted in the furnace together with test specimens as described above. In the case of heating test without O 2 getter, oxidation of test specimen occurred during heating test as shown in Figure 3 , so that eutectic melting phenomenon could not be obtained. After completing the heating test with the method preventing oxidation of test specimen, microstructures of test specimen were observed by using the optical microscope (Carl Zeiss Co., Ltd., Seoul, Korea), SEM (SEC Co., Ltd., Suwon, Korea) and EPMA (JEOL Co., Ltd., Seoul, Korea). Short segment (length: 10 mm) cut from irradiated fuel rod (fuel slug length: 50 mm, OD: 5.5 mm) which consists of U-10Zr and U-10Zr-5Ce fuel slugs with T92 cladding (thickness: 0.45 mm) [10] (see Figure 2 ) was heated in the furnace which was located inside of hot cell facility in KAERI. The chemical compositions of as-fabricated U-10Zr and U-10Zr-5Ce fuel slugs, and T92 cladding before irradiation are shown in Tables 2 and 3 , respectively. The peak burnup of irradiated fuel rod was 2.44 at. %. The heating temperature and duration time for U-10Zr/T92 specimen were 750 °C and 1 h, and those for U-10Zr-5Ce/T92 specimen were 800 °C and 1 h. The heating rate from room temperature to target heating temperature was 0.2 °C /s. Heating test conditions are summarized in Table 4 . In order to prevent oxidation of test specimens during heating test, inert helium gas was applied to flow through interior of furnace at the flow of 150 ml/min. Also, Zircaloy-4 sheets which act as O2 getter were inserted in the furnace together with test specimens as described above. In the case of heating test without O2 getter, oxidation of test specimen occurred during heating test as shown in Figure 3 , so that eutectic melting phenomenon could not be obtained. After completing the heating test with the method preventing oxidation of test specimen, microstructures of test specimen were observed by using the optical microscope (Carl Zeiss Co., Ltd., Seoul, Korea), SEM (SEC Co., Ltd., Suwon, Korea) and EPMA (JEOL Co., Ltd., Seoul, Korea). Table 2 . Chemical composition of as-fabricated U-10Zr and U-10Zr-5Ce fuel slugs. Table 2 . Chemical composition of as-fabricated U-10Zr and U-10Zr-5Ce fuel slugs. 
Results and Discussion

Irradiation History and PIE (Post-Irradiation Examination) Results
Prior to the explanation of the high-temperature heating test results for the irradiated fuel, the irradiation history and PIE results are briefly described in this section. Detailed explanations of the irradiation history and the PIE results are provided in Reference [10] . The fuel irradiation test was performed for 182 EFPD from 15 November 2010 to 5 January 2012 in HANARO, and subsequently, the irradiated fuel rods were subjected to PIE at IMEF (Irradiated Material Examination Facility). The fuel rod was contained in a sealing tube. Since the operation temperature of HANARO was too low to simulate the actual operating situation of SFR, it was necessary to increase the temperature at the surface of the fuel rod. In order to attain the desirable cladding temperature, a gap has been installed between the fuel rod and sealing tube. The maximum linear power and burn-up were 245.1 W/cm at the beginning of the test and 2.44 at. % at the end of the test according to an as-run analysis (see Figure 4 ). Using KAERI's fuel performance analysis code, MACSIS, the maximum cladding innerwall temperature and fuel centerline temperature were calculated to be 452 °C , and 549 °C , respectively. Therefore, the phases of fuel slugs were irradiated in the α + δ regime as predicted in the U-Zr phase diagram with respect to time and location (see Figure 5 ). As for U-10Zr/T92, the fuel swelled to make contact with the cladding and there was not enough microstructural evidence in favor of the presence of the fuel-cladding chemical interaction, which was likely to be caused by a low irradiation temperature. In the case of U-10Zr-5Ce/T92, a small gap between the fuel slug and cladding was observed after the irradiation test. 
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Results of Irradiated Fuel after High-Temperature Heating Test
Figures 10 and 11 show an optical microscope photograph of the U-10Zr/T92 and U-10Zr-5Ce/T92 specimens after the heating test, respectively. As shown in Figure 10 , a eutectic melting region was locally observed in the case of the U-10Zr/T92 specimen. However, in the case of the U10Zr-5Ce/T92 specimen, a eutectic melting region was not found, because there was a gap between the fuel slug and cladding which originally existed after the irradiation test, and contact between the fuel slug and cladding did not take place during the heating test. Figures 10 and 11 show an optical microscope photograph of the U-10Zr/T92 and U-10Zr-5Ce/T92 specimens after the heating test, respectively. As shown in Figure 10 , a eutectic melting region was locally observed in the case of the U-10Zr/T92 specimen. However, in the case of the U-10Zr-5Ce/T92 specimen, a eutectic melting region was not found, because there was a gap between the fuel slug and cladding which originally existed after the irradiation test, and contact between the fuel slug and cladding did not take place during the heating test. 
Figures 10 and 11 show an optical microscope photograph of the U-10Zr/T92 and U-10Zr-5Ce/T92 specimens after the heating test, respectively. As shown in Figure 10 , a eutectic melting region was locally observed in the case of the U-10Zr/T92 specimen. However, in the case of the U10Zr-5Ce/T92 specimen, a eutectic melting region was not found, because there was a gap between the fuel slug and cladding which originally existed after the irradiation test, and contact between the fuel slug and cladding did not take place during the heating test. In order to investigate the microstructure of the eutectic melting region in detail for the U10Zr/T92 specimen, constituent distributions and the eutectic penetration depth were measured by utilizing SEM and EPMA (see Figure 12 ). As shown in Figure 12 , it was observed that the U and Zr components penetrated into the cladding region, and the Fe and Cr components slightly penetrated into the fuel slug region at the eutectic melting region. It was also observed that the Nd lanthanide fission products penetrated into the cladding region. It is reported that the lanthanide fission products such as Nd, Ce, La, Pr, and Sm migrated into the fuel slug-cladding interface during irradiation, and lowered the eutectic threshold temperature, so that, eventually, they promoted the eutectic reaction between the fuel slug and cladding [2, 3] . In addition, it is generally known that in the interface region between the fuel and the cladding, the observed phases on both sides in the liquid phase matrix combine the cladding elements Fe and Cr with the fuel components U and Zr [11] [12] [13] and the lanthanide fission products. As for the cladding-side region of the original fuel-cladding interface, the developed phases are enriched with cladding components and they contain differing amounts of the primary fuel components (U and Zr) and fission product components. In the fuel-side region of the fuel-cladding interaction zone, some phases are observed that are enriched with the fuel constituents U or Zr and contain Fe as the major nonfuel or components with some lanthanides. Other phases are observed that primarily contain lanthanides [2, 3, 14, 15] . Meanwhile, the Zr component in a fuel slug induces stable intermetallic compounds such as ZrFe2, which retards the further development of liquid-phase penetration [16, 17] . In order to investigate the microstructure of the eutectic melting region in detail for the U-10Zr/T92 specimen, constituent distributions and the eutectic penetration depth were measured by utilizing SEM and EPMA (see Figure 12 ). As shown in Figure 12 , it was observed that the U and Zr components penetrated into the cladding region, and the Fe and Cr components slightly penetrated into the fuel slug region at the eutectic melting region. It was also observed that the Nd lanthanide fission products penetrated into the cladding region. It is reported that the lanthanide fission products such as Nd, Ce, La, Pr, and Sm migrated into the fuel slug-cladding interface during irradiation, and lowered the eutectic threshold temperature, so that, eventually, they promoted the eutectic reaction between the fuel slug and cladding [2, 3] . In addition, it is generally known that in the interface region between the fuel and the cladding, the observed phases on both sides in the liquid phase matrix combine the cladding elements Fe and Cr with the fuel components U and Zr [11] [12] [13] and the lanthanide fission products. As for the cladding-side region of the original fuel-cladding interface, the developed phases are enriched with cladding components and they contain differing amounts of the primary fuel components (U and Zr) and fission product components. In the fuel-side region of the fuel-cladding interaction zone, some phases are observed that are enriched with the fuel constituents U or Zr and contain Fe as the major nonfuel or components with some lanthanides. Other phases are observed that primarily contain lanthanides [2, 3, 14, 15] . Meanwhile, the Zr component in a fuel slug induces stable intermetallic compounds such as ZrFe 2 , which retards the further development of liquid-phase penetration [16, 17] .
The measured maximum eutectic penetration depth along the cladding direction during 1 h was 115 µm, and the penetration rate was calculated to be 0.032 µms −1 (115 µm/3600 s). This measured penetration rate is similar to the value (0.026 µms −1 ) predicted by the existing eutectic penetration rate correlation (Equation (1)) being used for design and modeling purposes [2] .
where r is the penetration rate (µms −1 ) and T is the temperature (K). These results are presented in Figure 7 along with the experimental results of the penetration rate with 1 h heating data in the FBTA tests which were reported in the literature [2, 3] . In addition, the measured eutectic penetration rates for the unirradiated U-10Zr fuel slug with FMS (ferritic martensitic steel, HT9 or Gr.91) cladding specimens through the out-of-pile heating test which are available in the literature [18] [19] [20] are also presented in Figure 7 . In the case of the heating test for unirradiated fuel with HT9 at 700 • C during 96 h, the measured penetration depth along the cladding direction was approximately 8 µm (penetration rate = 2.3 × 10 −5 µms −1 Figure 13 , the measured eutectic penetration rates for the irradiated fuel specimens are higher than those for the unirradiated U-10Zr specimen. This phenomenon can be caused by the fact that lanthanide fission products migrate into the fuel slug-cladding interface during irradiation and lower the eutectic threshold temperature, so that, eventually, they promote the eutectic reaction between the fuel slug and cladding for the irradiated fuel. The measured maximum eutectic penetration depth along the cladding direction during 1 h was 115 µ m, and the penetration rate was calculated to be 0.032 μms −1 (115 μm/3600 s). This measured penetration rate is similar to the value (0.026 μms −1 ) predicted by the existing eutectic penetration rate correlation (Equation (1)) being used for design and modeling purposes [2] .
where r is the penetration rate (μms −1 ) and T is the temperature (K). These results are presented in Figure 7 along with the experimental results of the penetration rate with 1 h heating data in the FBTA tests which were reported in the literature [2, 3] . In addition, the measured eutectic penetration rates for the unirradiated U-10Zr fuel slug with FMS (ferritic martensitic steel, HT9 or Gr.91) cladding specimens through the out-of-pile heating test which are available in the literature [18] [19] [20] are also presented in Figure 7 . In the case of the heating test for unirradiated fuel with HT9 at 700 °C during 96 h, the measured penetration depth along the cladding direction was approximately 8 μm (penetration rate = 2.3 × 10 −5 μms −1 ). As for the case of the heating test with HT9 at 740 °C during 96 h, the measured penetration depth was approximately 200 μm (penetration rate = 5.8 × 10 −4 μms −1 ). Also, as for the case of the heating test with Gr.91 at 740 °C during 25 h, the measured penetration depth was approximately 200 μm (penetration rate = 2.2 × 10 −3 μms −1 ). In the case of the heating test with HT9 at 800 °C during 25 h, the measured penetration depth was approximately 250 μm (penetration rate = 2.8 × 10 −3 μms −1 ). As shown in Figure 13 , the measured eutectic penetration rates for the irradiated fuel specimens are higher than those for the unirradiated U-10Zr specimen. This phenomenon can be caused by the fact that lanthanide fission products migrate into the fuel slugcladding interface during irradiation and lower the eutectic threshold temperature, so that, eventually, they promote the eutectic reaction between the fuel slug and cladding for the irradiated fuel. 
Conclusions
Microstructures of the irradiated U-10Zr and U-10Zr-5Ce fuel slugs with T92 cladding after high-temperature heating tests were investigated through an optical microscope, SEM and EPMA. In the case of the U-10Zr/T92 specimen, the migration phenomena of U, Zr, Fe, and Cr as well as the Nd lanthanide fission products were observed at the eutectic melting region. The measured penetration 5.6 at.% (U-19Pu-10Zr) [2] 11.1 at.% (U-19Pu-10Zr) [2] 2.44 at.% (U-10Zr): in this work Unirradiated U-10Zr [18] [19] [20]   
Microstructures of the irradiated U-10Zr and U-10Zr-5Ce fuel slugs with T92 cladding after high-temperature heating tests were investigated through an optical microscope, SEM and EPMA. In the case of the U-10Zr/T92 specimen, the migration phenomena of U, Zr, Fe, and Cr as well as the Nd lanthanide fission products were observed at the eutectic melting region. The measured penetration rate was similar to the value predicted by the existing eutectic penetration rate correlation. In addition, when comparing with the measured eutectic penetration rates for the unirradiated U-10Zr fuel slug with FMS (ferritic martensitic steel, HT9 or Gr.91) cladding specimens which are available in the literature, the measured eutectic penetration rate for the irradiated fuel specimen was higher than that for the unirradiated U-10Zr specimen. This phenomenon can be caused by the effect of lanthanide fission product migration into the fuel slug-cladding interface during irradiation, subsequently lowering the eutectic threshold temperature for the irradiated fuel. In the case of the U-10Zr-5Ce/T92 specimen, the eutectic melting region was not found, because there was a gap between the fuel slug and cladding which originally existed after the irradiation test, and contact between the fuel slug and cladding did not take place during the heating test.
